Background: RhoA is strongly implicated in cell motility. Results: Macrophages lacking RhoA or RhoB have mild phenotypes, whereas double mutants, which also lack RhoC, exhibit severe cytoskeletal defects, but robust chemotaxis. Conclusion: RhoA and RhoB have overlapping functions in tail and lamellipodial membrane retraction, but are not critical for motility. Significance: The Rho subfamily is largely redundant for "front end" functions of motility and chemotaxis.
Professional phagocytes of the innate immune system, neutrophils and macrophages, are recruited to sites of inflammation by gradients of chemoattractant molecules, but exactly how these cells coordinate shape changes and navigate in such gradients is unclear. Like most cells, neutrophils and macrophages move on a two-dimensional surface by generating thin membrane protrusions at the front, followed by pulling forward of the cell body and retraction of the back end (1, 2) , along the lines of the motility model first delineated by Abercrombie et al. (3) in the early 1970s (reviewed in Ref. 4) . Cells may produce more than one protrusion, but ultimately, the dominant membrane protrusion determines the direction of movement (5) . Chemotaxis requires that the dominant membrane protrusion is directed toward higher concentrations of chemoattractant (6) . Starting with an extracellular chemoattractant (agonist) gradient, the following basic levels of signal transduction are involved in chemotaxis: agonist gradient 3 G protein-coupled receptors (GPCRs) 2 3 signaling cascades 3 Rho GTPases 3 effector proteins 3 (spatially coordinated) membrane protrusions and retractions. Thus, signaling to and from Rho GTPases, molecular switches that cycle between a GTP-bound active state and GDP-bound inactive state, is required for coordinated cytoskeletal rearrangements. Members of the Rho subfamily of small monomeric Rho GTPases, which consists of RhoA, RhoB, and RhoC, have emerged as key signaling components and are implicated to play central roles in cell polarization, motility, and chemotaxis (7) (8) (9) .
Ultimately, cell shape changes and cell motility require, in addition to local volume changes (10) , the spatial coordination of two ATP-dependent events (11) (12) (13) : F-actin polymerization and motor protein-driven actomyosin contraction. Activated Rho subfamily Rho GTPases act via Rho kinases (ROCK1 and ROCK2; Rho-associated coiled-coil-containing protein kinases) to induce phosphorylation of myosin II regulatory light chains, which promotes actomyosin contraction. In addition, Rho-ROCK signaling negatively regulates cofilin via LIM motifcontaining protein kinase, leading to decreased F-actin dynamics. Independent of ROCK, Rho activates the formins mDia1-3 (14 -16) and other signaling pathways (17, 18) . Rho signaling has been implicated in various aspects of cell motility, including retraction of the rear (2) , restriction of lamellipodia to the front (19) , squeezing of the nucleus through narrow passages (20) , and shaping the leading edge (21, 22) .
Links between GPCRs and the Rho subfamily of Rho GTPases have been identified. The G 12/13 subfamily of heterotrimeric G proteins triggers activation of RhoGEFs (Rho-specific guanine nucleotide exchange factors) (23) (24) (25) , such as Lsc (human homolog, p115-RhoGEF), leukemia-associated RhoGEF, and PDZ-RhoGEF, which specifically activate the Rho subfamily. Thus, the following signaling scheme may be important for motility and chemotaxis: chemoattractant agonist 3 GPCRs 3 G 12/13 3 RhoGEFs 3 Rho subfamily GTPases (RhoA, RhoB, and RhoC) 3 effectors. The G q/11 subfamily may also contribute to RhoGEF activation via GPCRs (26, 27) . Knock-out mouse models may provide valuable insight into the relative importance and physiological roles of RhoA, RhoB, and RhoC in the context of innate immune cell motility and chemotaxis. Mice with global deletion of RhoB or RhoC are viable (28, 29) , and macrophages derived from the bone marrow of RhoB Ϫ/Ϫ mice were shown to migrate faster on fibronectin, but slower on an uncoated glass surface, when compared with wildtype cells (30) . RhoC has been implicated in cancer cell migration (31) , whereas RhoC deficiency has been reported to have no effect on the motility of immune cells (29) . In contrast to RhoB and RhoC, global deletion of RhoA in mice is lethal (32) . Deletion of RhoA in mouse embryonic fibroblasts impaired mitosis (33) , whereas deletion of RhoA in keratinocytes impaired directed migration, which could not be explained by disruption of ROCK signaling (34) .
Here we used myeloid-restricted RhoA knock-out mice (RhoA fl/fl /LysM-Cre), RhoB Ϫ/Ϫ and RhoA/RhoB double knock-out mice, as well as Myo9b Ϫ/Ϫ and Myo9b/RhoB double knock-out mice, to elucidate the roles of the Rho subfamily of GTPases, and their regulation, in cell polarization, motility, and chemotactic navigation, using macrophages as model cells.
EXPERIMENTAL PROCEDURES
Mice-Myeloid-restricted RhoA (ras homolog gene family, member A; Mouse Genome Informatics (MGI): 1096342) knock-out mice were generated by crossing floxed RhoA (34) and LysM-Cre (35) mice. These mice were further crossed with RhoB (ras homolog gene family, member A; MGI: 107949) knock-out mice (28) to generate RhoA (myeloid-restricted)/ RhoB double knock-out mice. LysM-EGFP mice (36) were provided by Stefan Butz (Max-Planck-Institute, Münster, Germany). Myo9b/RhoB double knock-out (dKO) mice were generated by crossing Myo9b (myosin IXb; MGI: 106624) knock-out (1) and RhoB Ϫ/Ϫ mice. Mice were bred in specific pathogen-free conditions and used in accordance with local animal experimentation guidelines. All procedures were approved by the respective University of Münster and University College Dublin animal care and use committees.
Mouse Peritonitis Model-Female mice (8 -12 weeks) were injected with 2 ml of PBS containing 4% thioglycollate. After 48 h, the mice were sacrificed by cervical dislocation and peritoneal cavity cells were harvested by peritoneal lavage. The cells were stained with allophycocyanin-conjugated anti-F4/80 antibodies (clone BM8; eBioscience) in cytometry buffer (PBS supplemented with 5% fetal calf serum and 0.05% NaN 3 ) for 30 min on ice. Cells were pelleted by centrifugation (400 ϫ g for 4 min) at 4°C and washed three times. Fluorescence of allophycocyanin-labeled F4/80 was determined using a BD Accuri C6 flow cytometer.
Antibodies-Resident peritoneal macrophages were purified by cell sorting using rat anti-mouse F4/80 antibodies conjugated to Alexa Fluor 488 (5:200, MCA497A488, AbD Serotec, Germany). Flow cytometry of LysM-EGFP peritoneal cells was performed using rat anti-mouse F4/80 antibodies conjugated to phycoerythrin (5:200, MCA497PET, AbD Serotec). The following antibodies (diluted 1:500) from Santa Cruz Biotechnology (Heidelberg, Germany) were used for Western blot analyses: mouse monoclonal anti-RhoA (26C4 (sc-418)), rabbit polyclonal anti-RhoB (119 (sc-180)), and goat polyclonal anti-RhoC (K-12 (sc-26480) or C-16 (sc-12116)). Lysates from HEK293T cells expressing mouse RhoC (sc-123119, Santa Cruz Biotechnology) were used as positive control. Myosin light chain 2 (also known as myosin regulatory light chain) phosphorylated at serine 19 was detected using rabbit polyclonal antibodies from Cell Signaling Technology (catalog number 3671). Mouse monoclonal anti-␤-actin antibodies (A1978, Sigma-Aldrich, Munich, Germany), diluted 1:2000, were used to control loading in Western blot analyses.
Isolation and Handling of Resident Peritoneal Macrophages-Mice were killed by an overdose of isoflurane in air, and the peritoneal cavity was lavaged via a 24-gauge plastic catheter (B. Braun, Melsungen, Germany) using 2 ϫ 4.5 ml of ice-cold Hanks' balanced salt solution without Ca 2ϩ or Mg 2ϩ (PAA Laboratories, Pasching, Austria). After centrifugation (360 ϫ g for 5 min), cells were resuspended in RPMI 1640 medium containing 2 g/liter bicarbonate (Biochrom AG, Berlin, Germany) and supplemented with 10% heat-inactivated FCS, 100 units/ml penicillin, and 100 g/ml streptomycin (pH 7.4). The cells were seeded into fibronectin-coated -slide I chambers or -slide chemotaxis chambers (Ibidi, Martinsried, Germany) and placed in a humidified incubator (37°C, 5% CO 2 ). Experiments were performed on the stage of an inverted microscope (AxioVision) equipped with a temperature-controlled incubator (incubator XL S, Zeiss) using the same complete medium as above, except that bicarbonate buffer was replaced by 20 mM Hepes (pH 7.4).
Generation of Bone Marrow-derived Macrophages-After euthanasia, the mid-diaphysis of hind leg femurs was fractured using a surgical scalpel blade, and bone marrow cells were flushed out with 5 ml of RPMI 1640 Hepes medium per bone fragment. After centrifugation (300 ϫ g for 11 min) at room temperature, the supernatant was removed, and 1 ml of lysis buffer (155 mM NH 4 Cl, 10 mM KHCO 3 , and 0.1 mM EDTA; pH 7.4) was added for 5 min. The suspension was centrifuged at 300 ϫ g for 10 min, and the supernatant was discarded. Next, the cells were washed once with 20 ml of RPMI 1640 Hepes medium, centrifuged (300 ϫ g for 11 min), and resuspended in 30 ml of RPMI 1640 bicarbonate medium containing 2% gentamycin, 1% kanamycin, 1% nonessential amino acids (100ϫ concentrate), 10% fetal calf serum ,and 15 ng/ml recombinant mouse M-CSF (R&D systems). The suspension was incubated (37°C, 5% CO 2 ) in Teflon bags (PermaLife PL30, OriGen Biomed Europe, Sweden) for 6 days.
Two-dimensional Chemotaxis Assays-Cells obtained by peritoneal lavage of a single mouse were resuspended in 200 -225 l of medium, and 8 l of the suspension was seeded into the narrow (1000 ϫ 2000 ϫ 70-m) channel of an uncoated (IbiTreat) -slide chemotaxis chamber (Ibidi). The narrow channel (observation area) connects two 40-l reservoirs. After 3 h, the chemotaxis chamber was filled with RPMI 1640 (bicarbonate) medium containing 10% FCS and antibiotics.
Prior to performing assays, the chemotaxis chamber was slowly washed with bicarbonate-free medium. Next, 15 l of medium containing 0.003% Patent Blue V (blue dye) was drawn into one of the reservoirs either without (control) or with chemoattractant (C5a). The final concentration of C5a was 20 nM. The observation area was imaged by phase-contrast microscopy via a 10ϫ/0.3 objective. The blue dye served as a visual indicator of gradient formation and does not affect cell migration. Images were captured every 2 min for 14 h, and cell migration tracks between 6 and 12 h were analyzed with ImageJ (National Institutes of Health) using a manual tracking plugin and the chemotaxis and migration tool from Ibidi. Twenty-five randomly selected cells were manually tracked in each chemotaxis experiment.
DIC Time-lapse Imaging--Slide I chambers and chemotaxis -slides were placed on the stage of an inverted semimotorized Zeiss AxioObserver microscope controlled by Axio-Vision software. The microscope was fitted with a temperaturecontrolled stage incubator (Zeiss, Jena, Germany), and the temperature was maintained at 37°C. Cells were imaged via a 63ϫ/1.4 oil immersion objective, and differential interference contrast (DIC) images were captured every 15 s by an AxioCam MRm camera (Zeiss).
Spinning Disk Confocal Microscopy-Three-dimensional images of living macrophages were obtained using an Ultra-VIEW Vox three-dimensional live cell imaging system (PerkinElmer, Rodgau, Germany) coupled to a Nikon Eclipse Ti inverse microscope. The system incorporated a Yokogawa (Tokyo, Japan) CSU-X1 spinning disk scanner, a Hamamatsu (Tokyo, Japan) C9100-50 EM-CCD camera (1000 ϫ 1000 pixels), and Volocity software. Cells were imaged via a Nikon 60ϫ (NA 1.49) oil immersion objective lens, and the temperature was maintained at 37°C using an Okolab all-in-one stage incu-bator (Okolab, Ottaviano, Italy). Z-stacks of macrophages labeled with Alexa Fluor 488-(Invitrogen) or Alexa Fluor 594conjugated (BioLegend, Fell, Germany; catalog number 123140) anti-F4/80 antibodies were obtained using 0.5-m steps.
Flow Cytometry and Cell Sorting-Cell sorting and cell analyses were performed using a BD FACSAria II (or FACSAria III) cell sorter (BD Biosciences). Alternatively, cell analysis was performed using a FACSCalibur flow cytometer, and data were analyzed using FlowJo software (Tree Star, Ashland, OR).
Superresolution Structured Illumination Microscopy-Macrophages were fixed by incubation with 4% paraformaldehyde in PBS at 37°C for 18 min and permeabilized by incubation with 0.1% Triton X-100 in PBS at room temperature for 25 min. F-actin was stained with Alexa Fluor 488-conjugated phalloidin (Invitrogen, Darmstadt, Germany) and imaged, via a 63ϫ (NA 1.4) oil immersion objective lens, by superresolution structured illumination microscopy using an Elyra S.1 microscope system (Carl Zeiss MicroImaging, Jena, Germany).
Western Blot Analysis-Macrophages were lysed in buffer containing 50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 2 mM MgCl 2 , 1 mM dithiothreitol, 1% Nonidet P-40, 10% glycerol, 5 mM NaF, 1 mM Na 3 VO 4 (sodium orthovanadate), and the protease inhibitors leupeptin, aprotinin, and Pefabloc (each at 10 g/ml). Proteins were separated by 15% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (Roche Applied Science, Mannheim, Germany). Membranes were blocked for 1 h at room temperature in TBS containing 5% bovine serum albumin and 0.1% Tween 20 followed by overnight incubation (4°C) with primary antibodies. For detection, horseradish peroxidase-conjugated secondary antibodies (Dianova, Hamburg, Germany) were used in combination with SuperSignal West Pico chemiluminescence substrate (Perbio, Bonn, Germany).
Statistics-Normality and homoscedasticity were tested using the Shapiro-Wilk and Levene tests, respectively. A oneway analysis of variance was used to test for statistical differences at the 0.05 level of significance. When the assumed conditions of normality and homogeneity of variance were not fulfilled, as in most cases, we used the nonparametric Kruskal-Wallis one-way analysis of variance on ranks (at the 0.05 level of significance). Post hoc multiple comparisons were made using Dunn's method. Statistical analyses were performed using Sig-maPlot (version 12) software (Systat Software, Erkrath, Germany), and data are presented as means Ϯ S.E.
RESULTS

RhoA and RhoB, but Not RhoC, Are Expressed in Mouse
Macrophages-Mouse macrophages move by generating a membrane protrusion in the direction of movement ( Fig. 1A ). As shown in the time-lapse sequence ( Fig. 1A) , cells may produce more than one protrusion, typically by splitting an existing one, but ultimately one protrusion will become dominant and determine the direction of movement, whereas secondary protrusions are retracted. We started out with a working model of a polarized and migrating macrophage ( Fig. 1B) in which RhoA is active at the back and sides, whereas it is inhibited by the RhoGAP (Rho-specific GTPase-activating protein) Myo9b at the front (1). RT-PCR analyses showed that F4/80 ϩ cells (macrophages) express mRNA for RhoA and RhoB, but not RhoC (Fig. 1C ). Consistent with these findings, RhoA and RhoB, but not RhoC, protein could be detected by Western blot (Fig. 1D ). Lysates from HEK293T cells expressing mouse RhoC were used as positive control. Next, we investigated the effects of conditional RhoA deletion on cell morphology, motility, and chemotactic navigation.
RhoA-deficient Macrophages-Mice with conditional knockout of RhoA in myeloid cells were generated by crossing floxed RhoA (RhoA fl/fl ) mice (34) with LysM-Cre mice (35) , in which Cre (Cre recombinase) is expressed under the control of the myeloid-restricted M lysozyme gene. Western blot analyses indicated almost complete loss of RhoA in macrophages derived from RhoA fl/fl /LysM-Cre mice (Fig. 1E) . Notably, RhoB levels were markedly increased (by a factor of ϳ5) in RhoAdeficient macrophages (Fig. 1, E and F) . Up-regulation of RhoB levels has been observed in RhoA-deficient keratinocytes (34) and may be an indicator that RhoB functionally compensates for RhoA deficiency.
We speculated that the weak RhoA protein detection in macrophages from myeloid-restricted conditional RhoA knockout (RhoA fl/fl /LysM-Cre) mice may be due to lack of Cre expression in a subpopulation of cells. Therefore, we analyzed enhanced green fluorescent protein (EGFP) expression in transgenic mice expressing EGFP under the control of the M lysozyme gene (35) . FACS analysis revealed that Ͼ90% of resident F4/80 ϩ cells isolated from the peritoneum were EGFPpositive ( Fig. 1G ). About 10 -15% of mouse peritoneal macrophages are F4/80-negative, which explains the detection of F4/80 lo EGFP hi cells. Consistent with the FACS analysis, we found that EGFP fluorescence could be detected in 91 Ϯ 0.9% (n ϭ 5; 112 cells) of F4/80 ϩ peritoneal macrophages plated on Ibidi fibronectin-coated -slide I chambers ( Fig. 1H ). Thus, in accord with Clausen et al. (35) , Cre recombinase is expected to be expressed in Ͼ90% of individual macrophages isolated from LysM-Cre mice. This implies that the weak detection of RhoA protein in macrophages isolated from RhoA fl/fl /LysM-Cre mice (Fig. 1E) can be attributed to the presence of Cre recombinasenegative cells.
Impaired Tail Retraction, but Preserved Velocity and Chemotactic Efficiency, in RhoA-deficient Macrophages-To investigate whether RhoA is required for motility and chemotactic navigation, and especially tail retraction, as indicated in our working model (Fig. 1B) , we performed real-time chemotaxis assays (1). Peritoneal macrophages were seeded into the narrow channel (observation area) of a -slide chemotaxis chamber, and complement component C5a was added to one of the two 40-l reservoirs to generate a chemotactic gradient ( Fig. 2A) . Snapshots of wild-type (WT) and RhoA Ϫ/Ϫ (RhoA fl/fl /LysM-Cre) macrophages migrating in a chemotactic complement component C5a gradient are shown in Fig. 2A . Note that the lamellipodia of most wild-type macrophages are directed toward the source of chemoattractant. Migration plots of individual wild-type and RhoA Ϫ/Ϫ (RhoA fl/fl /LysM-Cre) macrophages, obtained by tracking 25 randomly selected cells between 6 and 12 h after the addition of complement component C5a to one of the reservoirs (final concentration, 20 nM), are shown in Fig. 2B . In the absence of chemoattractant, WT macrophages showed no preferential direction of movement, as expected, and mean migration velocity was ϳ0.4 m/min (Fig.  2C) . In a chemotactic C5a gradient, wild-type and RhoA Ϫ/Ϫ (RhoA fl/fl /LysM-Cre) macrophages had a mean chemotaxis index of ϳ0.4 and a mean migration velocity of ϳ0.8 m/min (Fig. 2C) . The chemotaxis index, also known as the y-forward migration index, is calculated by dividing the displacement parallel to the y axis (chemoattractant gradient axis) by the total path length (traveled by the cell), and it varies between Ϫ1 and ϩ1. Cells were tracked by manually clicking on the cell body. Taken together, the WT versus RhoA Ϫ/Ϫ chemotaxis assays indicated that RhoA has no significant effect on the velocity and chemotactic efficiency of macrophages. However, RhoA deficiency affected cell morphology.
The most notable feature of RhoA Ϫ/Ϫ (RhoA fl/fl /LysM-Cre) macrophages in a chemotactic gradient was the development of elongated trailing ends. Although this phenotype of moderately impaired tail retraction can be identified in snapshots of RhoA Ϫ/Ϫ (RhoA fl/fl /LysM-Cre) macrophages, timelapse imaging (Fig. 2D ) revealed that individual migrating cells alternately elongated and shortened. That is, there was an increased tendency for the trailing end of a migrating RhoA Ϫ/Ϫ cell to lag temporarily behind the cell body.
Striking Phenotype of "pan-Rho" Knock-out (RhoA fl/fl /LysM-Cre/RhoB Ϫ/Ϫ ) Macrophages-The greatly increased RhoB protein levels in RhoA Ϫ/Ϫ macrophages, as well as the moderate elongated phenotype of RhoA Ϫ/Ϫ cells, suggested that RhoB may compensate for loss of RhoA. Conversely, we found that RhoA protein levels were increased in RhoB Ϫ/Ϫ macrophages (Fig. 3, A and B) , indicating mutual regulation of RhoA and RhoB expression. We reasoned that RhoA and RhoB take part in common cellular functions associated with cell shape control and motility. To explore this possibility, we produced macrophages lacking both RhoA and RhoB by crossing RhoA fl/fl / LysM-Cre and RhoB Ϫ/Ϫ mice. Western blot analysis confirmed that RhoA/RhoB dKO macrophages lacked RhoA and RhoB (Fig. 3C ). Because RhoC was not expressed in these cells (Fig.  3C) , RhoA/RhoB dKO macrophages were deficient in all three Rho isoforms. When compared with unstimulated WT cells, unstimulated macrophages from RhoB Ϫ/Ϫ mice typically exhibited a rounded morphology, characterized by a paucity of lamellipodial extensions (Fig. 3D ). To confirm that the rounded up RhoB Ϫ/Ϫ cells were macrophages, we incubated living cells with anti-F4/80 antibodies conjugated to Alexa Fluor 488 (F4/80 is a mouse macrophage marker). The rounded up morphology of RhoB Ϫ/Ϫ cells can probably be explained by increased RhoA levels (Fig. 3, A and B) . When wild-type and RhoB Ϫ/Ϫ macrophages were activated with the Toll-like receptor 4 ligand LPS, the cells spread out and assumed a morphology similar to wild-type cells (Fig. 3D) . Strikingly, RhoA/RhoB dKO macrophages exhibited highly elongated and branched morphologies. This phenotype was more pronounced in cells stimulated with LPS ( Fig. 3D) , which promotes increased lamellipodial membrane dynamics and random motility.
The extremely aberrant morphologies of RhoA/RhoB dKO macrophages, when compared with RhoA Ϫ/Ϫ or RhoB Ϫ/Ϫ cells, underscore that RhoA and RhoB are capable of mutual functional compensation. High resolution images of fixed WT and RhoA/RhoB dKO macrophages, obtained by superresolution structured illumination microscopy, revealed a dense meshwork of secondary F-actin structures, but a paucity of actin stress fibers, in both cell types (Fig. 3E) .
In time-lapse DIC recordings, we observed the development of multiple branches in randomly migrating RhoA/ RhoB dKO macrophages (Fig. 4A) . The mean numbers of primary branches in randomly migrating wild-type, RhoB Ϫ/Ϫ , and RhoA/RhoB dKO macrophages are shown in Fig. 4B . Branches arose from the incomplete retraction of trailing ends and lamellipodia, as shown in Fig. 4 , A and C (see also supplemental Video 1). Macrophages lacking the Rho subfamily also exhibited erratic multifocal membrane protrusions, which were most evident in cells lacking a large dominant lamellipodium (Fig. 4D) .
Robust Motility and Chemotaxis of Pan-Rho Knock-out (RhoA fl/fl /LysM-Cre/RhoB Ϫ/Ϫ ) Macrophages-Migration plots of RhoB Ϫ/Ϫ and RhoA/RhoB dKO macrophages are shown in Fig. 5A . RhoB Ϫ/Ϫ macrophages had impaired chemotactic efficiency, but normal velocity, when compared with wild-type cells (Fig. 5B) . Surprisingly, the chemotactic efficiency of RhoA/ RhoB dKO macrophages was not impaired, but these cells had a significantly higher mean velocity than wild-type cells (Fig. 5B ). Note that we routinely tracked the cell body, except, in the case of RhoA/RhoB dKO macrophages, we additionally tracked the trailing end (Fig. 5B ). Snapshots of RhoB Ϫ/Ϫ and RhoA/RhoB dKO macrophages migrating in a chemotactic C5a gradient are shown in Fig. 5C (see also time-lapse movies, supplemental Videos 2 and 3). RhoA/RhoB dKO macrophages migrating toward a chemoattractant source developed exceedingly long (frequently Ͼ200-m) trailing ends. We measured the maximal tail length developed by macrophages migrating in a chemotactic gradient over a 6-h period (Fig. 5D ). Tails lengths were much greater in RhoA/RhoB dKO macrophages than in RhoA Ϫ/Ϫ (RhoA fl/fl /LysM-Cre) or RhoB Ϫ/Ϫ cells, implying that both RhoA and RhoB are involved in tail retraction or, at least, each can mutually compensate deficiency of the other. Although the trailing edge was often lagging far behind in migrating dKO cells, it would, at some point, spring back toward the cell body, analogous to the sudden release of an elastic thread. We presume that this effect was due to reaction forces caused by forward translocation of the cell body (37) . To investigate whether lack of myosin II light chain phosphorylation in RhoA/RhoB dKO macrophages may contribute to impaired lamellipodial and tail retraction, we analyzed phospho-myosin light chain 2 (p-MLC2) levels by Western blot (Fig.  5E) . Surprisingly, p-MLC2 levels were increased by a factor of 3.3 Ϯ 0.5 (n ϭ 3) in RhoA/RhoB dKO macrophages, when compared with WT cells.
In Vivo Peritonitis Model-We tested whether the tail and lamellipodial retraction defects observed in vitro translated in vivo to impaired recruitment of RhoA/RhoB-deficient cells (Fig. 5F) . On the contrary, we found in a mouse model of thioglycollate-mediated peritonitis that F4/80-positive cells (monocytes and macrophages) were recruited more rapidly to the peritoneal cavity in myeloid-restricted RhoA/RhoB dKO mice than in RhoA fl/fl mice, used as control (Fig. 5F) . Thus, Rho signaling in mononuclear phagocytes is not essen-tial to overcome physiological barriers imposed by the endothelium, basement membrane, and interstitial matrix in the peritoneum. 
Deletion of RhoB Partially Rescues the Motility Defect of Myo9b
Ϫ/Ϫ Macrophages-The motorized RhoGAP Myo9b is a key negative regulator of Rho in leukocytes (1, 38) . We next tested whether genetic deletion of RhoB rescued the motility defect of macrophages lacking Myo9b (1) . Spinning disk confocal microscopy of fluorescently labeled macrophages seeded into fibronectin coated Ibidi -slide I chambers showed that, similar to Myo9b Ϫ/Ϫ macrophages (1), Myo9b/RhoB dKO cells exhibit an aberrant rounded morphology (Fig. 6A ). Active RhoA (RhoA-GTP) levels, but not total RhoA, are known to be increased in mouse macrophages (1) and dendritic cells (38) . We found that total RhoB levels were markedly reduced in Myo9b Ϫ/Ϫ macrophages, when compared with WT cells (Fig.  6, B and C) . We next tested whether deletion of RhoB partially rescues motility in Myo9b Ϫ/Ϫ mice. Indeed, this was the case (Fig. 7) . Phase-contrast snapshots of cells in a C5a gradient showed that both Myo9b Ϫ/Ϫ and Myo9b/RhoB dKO cells migrated with an aberrant compact morphology (Fig. 7A) . OCTOBER 31, 2014 • VOLUME 289 • NUMBER 44
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When compared with Myo9b Ϫ/Ϫ cells, motility was partially rescued in Myo9b/RhoB dKO macrophages (Fig. 7, B and C) .
DISCUSSION
One of the key elements of current models of cell motility and chemotaxis is RhoA, a member of the Rho subfamily of GTPases, which includes RhoB and RhoC. In this study, we used knock-out mouse models and real-time imaging to analyze systematically the roles of the Rho subfamily of GTPases and the RhoGAP Myo9b in macrophage cell shape control, motility, and chemotactic navigation. As a starting point, we found that loss of RhoA was associated with moderately impaired tail retraction, as expected from the literature (2, 39) , but velocity and chemotactic navigation were unaffected. Loss of RhoB was not associated with impaired tail retraction, and velocity was unaffected. However, RhoB-deficient macro-phages exhibited a paucity of lamellipodial membrane protrusions, giving rise to a rounded up morphology, which could be reversed by stimulating cells with the Toll-like receptor 4 ligand LPS. Moreover, chemotactic efficiency was impaired in RhoBdeficient macrophages. Notably, RhoB levels were markedly increased in RhoA-deficient macrophages, and conversely, RhoA levels were increased in RhoB Ϫ/Ϫ macrophages. These observations suggested that the highly homologous proteins RhoA and RhoB (located on chromosomes 9 and 12, respectively) may mutually compensate the loss of either isoform. Indeed, genetic deletion of both RhoA and RhoB did not evoke RhoC expression, and double mutant macrophages developed overtly aberrant phenotypes.
RhoA/RhoB dKO macrophages, which lack the entire Rho subfamily of RhoGTPases, were observed migrating in a chemotactic gradient and randomly at high resolution. Surpris- ingly, the cell body of RhoA/RhoB dKO mutants was faster than WT controls and chemotactic efficiency was not impaired, but the trailing end became extremely elongated, frequently exceeding 200 m in length. This extreme phenotype was absent in RhoB Ϫ/Ϫ macrophages, and in RhoA-deficient cells, tail elongation was compensated by more than 80%, underscoring that RhoA and RhoB mutually compensate loss of function. We infer that both RhoA and RhoB are involved in tail retraction, but RhoA is predominant, possibly due to the shorter halflife of RhoB in the plasma membrane (40) . The tail retraction defect was presumably due to loss of Rho-ROCK-myosin II signaling in RhoA/RhoB double knock-out mutants. Inhibition of ROCK (1) or myosin II 3 produces the same defect. However, we found that phospho-myosin light chain 2 levels were increased in RhoA/RhoB dKO, when compared with WT, macrophages, suggesting that alternative pathways to Rho-ROCK signaling are more active in dKO cells, such as myosin light chain kinase or myotonic dystrophy kinase-related Cdc42-binding kinase (41) . Typically, the exceedingly long tail of migrating pan-Rhodeficient macrophages would spring back toward the cell body, presumably when the front end generated sufficient reaction force to disrupt cell-substrate adhesions at the back. Calcium/ calmodulin signaling, implicated in the tail retraction of migrating neutrophils (42) and fibroblasts (43) , may also contribute to myosin II activation in the absence of Rho signaling.
Aside from the phenotype of elongated trailing ends, RhoA/ RhoB double knock-out macrophages exhibited severely impaired retraction of lamellipodial membrane protrusions during spontaneous cell migration, which gave rise to highly ramified cell morphologies. Analysis of time-lapse DIC images revealed that branches can arise when macrophages change the direction of movement. Unlike some cells, such as neutrophils, which make U-turns to change direction (44, 45) , macrophages can change direction by splitting or reorienting a dominant lamellipodium or by moving the lamellipodium across the cell body in a remarkably fluid fashion. However, in macrophages lacking Rho, the "old" lamellipodium is not completely resorbed into the cell body, leaving behind prominent branches and membranous streaks.
In addition to severely impaired tail retraction and the formation of prominent branches, a third phenotypic feature of RhoA/RhoB dKO macrophages was the appearance of erratic multifocal membrane protrusions, especially in stationary cells lacking a clear dominant lamellipodium. We did not investigate this observation in detail, although it fits in with the notions that both active Rho and membrane tension produced by leading edge protrusion act to suppress multifocal membrane protrusions (19, 46) . Aside from motility, the Rho subfamily has been implicated in endosomal trafficking (18) and the "sink in" mode of phagocytosis (47), a fundamental function of professional phagocytes. In future studies, it would be interesting to explore whether complement receptor-mediated phagocytosis is impaired in RhoA/RhoB dKO macrophages.
The physiological consequences of macrophage pan-Rho deficiency in terms of in vivo cell recruitment are difficult to predict. On the one hand, we found that RhoA/RhoB dKO macrophages migrate more rapidly than wild-type cells in vitro, whereas on the other hand, Rho-ROCK signaling has been implicated in the squeezing of leukocytes through narrow pores in three-dimensional environments (20) . It was therefore somewhat surprising that RhoA/RhoB dKO monocytes and macrophages were recruited more rapidly than WT cells in an in vivo peritonitis model. This finding indicates that the Rho subfamily is not required for monocytes to egress through a continuous endothelium, at least in the peritoneum. Gautier et al. (48) showed that the clearance of macrophages from thioglycollate-induced peritonitis is mediated principally via macrophage apoptosis rather than emigration to lymph nodes, as previously thought (49) . Thus, we would expect that the clearance of macrophages during the resolution phase of peritoneal inflammation, in which emigration to draining lymph nodes plays a minor role, would not be significantly affected in myeloid-restricted RhoA/RhoB dKO mice.
An important negative regulator of the Rho subfamily in macrophages is the RhoGAP Myo9b. We have previously reported that macrophages isolated from mice lacking Myo9b have an aberrant round morphology, associated with increased RhoA activity, as well as decreased motility and impaired chemotaxis (1) . We extended this work and found that, when compared with WT cells, RhoB levels are decreased in Myo9b Ϫ/Ϫ macrophages, although we did not measure active RhoB levels. Genetic deletion of RhoB in Myo9b Ϫ/Ϫ macrophages did not abrogate the rounded up phenotype, but motility was partially rescued. Because the nonselective Rho inhibitor TAT-C3 rescues the rounded up phenotype (1), we infer that genetic deletion of RhoA or, possibly, both RhoA and RhoB, is required to re-establish morphological cell polarization in Myo9b Ϫ/Ϫ macrophages. In wild-type macrophages, both active RhoA and RhoB are involved in the retraction (red arrows) of the trailing end and membrane protrusions, whereas the RhoGAP Myo9b acts at the front to inactivate both RhoA and RhoB. In the absence of the Rho subfamily, there is severely impaired lamellipodial membrane and tail retraction at the back end, but increased motility and robust chemotaxis of the front end (cell body). In addition, macrophages lacking the Rho subfamily exhibit erratic multifocal membrane protrusions.
In summary, our data suggest a model (see Fig. 8 ) in which both active RhoA and RhoB are involved in back end functions, such as retracting the tail and lamellipodial membrane extensions, whereas the RhoGAP Myo9b ensures inactivation of both RhoA and RhoB at the front end. In the absence of the Rho subfamily, Myo9b is redundant, and in vitro and in vivo data indicate that front end (cell body) functions, such as motility and chemotactic navigation, are not critically dependent on Rho.
Note Added in Proof-Dashed vertical lines were added to Fig. 1D to indicate where the images were spliced together.
